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Abstract 12 
This study investigates integrating fibre optic sensing technology into the production process 13 
of concrete railway sleepers. Robust fibre Bragg grating (FBG) strain and temperature sensor 14 
arrays were developed specifically for this application and were designed for long-term 15 
monitoring of sleeper performance. The sensors were used to monitor sleeper production and 16 
to help gain a deeper understanding of their early-age behaviour which can highly influence 17 
long-term performance. Twelve sleepers were instrumented and strain data were collected 18 
during the entire manufacturing process including concrete casting and curing, prestressing 19 
strand detensioning, and qualification testing. Following the production process, sleepers 20 
were stored temporarily and monitored for four months until being placed in service. The 21 
monitoring results highlight the intrinsic variability in strain development among identical 22 
sleepers, despite high levels of production quality control. Using prestress loss as a quality 23 
control indicator, the integrated sensing system demonstrated that sleepers were performing 24 
within Eurocode-based design limits prior to being placed in service. A 3D nonlinear finite 25 
element (FE) model was developed to provide additional insight into the sleepers' early-age 26 
behaviour. Based on the FBG-calibrated FE model, more realistic estimates for the creep 27 
coefficient were provided and found to be 48% of the Eurocode-predicted values. 28 
 29 
 30 
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1.0 Introduction 1 
Railways play a significant role in the social and economic growth of many countries around 2 
the world providing a safe and convenient option for transporting freight and passengers. The 3 
UK rail network alone is a £13.5 billion industry with a total of 1.69 billion passenger 4 
journeys recorded in 2014-15 which has increased by 130% compared to 1994/95 values [1] 5 
and is expected to rise by another 400 million passenger journeys by 2020 [2]. As a result, the 6 
rail network represents a critical piece of infrastructure in the UK that requires constant 7 
maintenance, planning and innovation to ensure that its future performance is adequately 8 
safeguarded. A critical component of the rail network is the track bed system itself which 9 
comprises the subgrade, ballast, sleepers, fasteners, and rails. In particular, the sleepers are 10 
the primary structural components which carry the wheel loads from the rolling stock, to the 11 
rails, and into the ballast. Sleepers are primarily designed for dynamic loads and the way in 12 
which the dynamic loads are distributed into the supporting ballast is highly dependent on the 13 
condition of the ballast itself. Furthermore, the sleeper materials and their manufacturing 14 
process can have considerable influence on both their short and long term performance [3]. 15 
Therefore, monitoring sleepers throughout their entire life would provide invaluable 16 
information to rail asset managers on the performance of this critical component of the rail 17 
network.  18 
Prestressed concrete sleeper design and research have been evolving over the past several 19 
decades since the first prestressed concrete sleepers were first introduced in the UK in the 20 
1940's [4]. There have, however, been very few studies that have investigated integrating a 21 
sufficiently durable sensing system directly into the sleeper manufacturing process with the 22 
aim of understanding variations during production, early-age performance and their influence 23 
on long-term performance.  In 2012, Carlsson carried out a comprehensive laboratory study 24 
directed at determining the influence that production process has on early performance of 25 
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prestressed concrete sleepers [3]. Numerical models simulating the thermal and structural 1 
response were developed and compared with measurements of sleepers produced at several 2 
pre-casting facilities. The study identified various parameters during the production process 3 
that, if properly controlled, could help to reduce the amount of early-age prestress losses. 4 
Another study by Loaec et al (2014) described embedding FBG (fibre Bragg grating) fibre 5 
optic sensors into concrete sleepers [5]. This study primarily involved static and dynamic 6 
laboratory testing. They purported that their study tried to address the lack of consensus by 7 
rail experts in determining the effective bending moments in the sleepers over their long term 8 
in-service behaviour. Experimental results showed that the system was capable of providing 9 
linear and repeatable results; however, no case studies evolving from this work have been 10 
reported. Sadeghi (2010) installed load cells within the tops and bottoms of several sleepers 11 
during their manufacture [6]. Using the load cells together with several accelerometers, they 12 
investigated both the load distribution and the dynamic response of the sleepers under real 13 
conditions and loadings.  A variety of other studies have been carried out which consider the 14 
structural response of prestressed concrete sleepers; however, they have involved mainly 15 
external monitoring devices under controlled laboratory conditions [7, 8, 9, 10]. There have 16 
also been a limited number of numerical studies that have employed finite element analysis to 17 
help better understand sleeper performance. Kaewunruen and Remennikov (2006) developed 18 
a 3D non-linear finite element model of a prestressed concrete sleeper and simulated the 19 
sleeper response due to the transfer of the prestressing force and compared their model 20 
predictions with bending test results to determine appropriate concrete material models [11].  21 
González-Nicieza et al. (2008) developed a 3D elastic model to analyse the failure of 22 
concrete sleepers in heavy haul railway tracks. The numerical results were employed to 23 
integrate the limited information from laboratory and in-situ field testing in order to identify 24 
more precisely the causes of track failure [12]. 25 
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Fibre optic based sensors are finding increasing applications for use in monitoring a wide 1 
variety of the civil engineering infrastructure. Compared to conventional electrical-based 2 
sensors, fibre optic sensors are chemically inert (not subject to corrosion), non-conductive, 3 
and can be multiplexed along a single cable (avoiding multiple bundles of copper wire 4 
cabling).  McKeeman et al. (2016) used metal-encapsulated FBGs to measure prestress levels 5 
in laboratory-produced beams with aims of using the system in various containment 6 
structures exposed to harsh industrial environments [13]. Likewise, railway sleepers are also 7 
subjected to severely harsh conditions during their lifetime, leading to ageing and 8 
deterioration problems. Therefore, a sensing system must be sufficiently robust in order to 9 
survive during a sleepers' design life (typically between 30 and 50 years).  By integrating a 10 
robust array of fibre optic sensors directly into the sleeper manufacturing process, the entire 11 
strain history of a sleeper may be recorded and monitored during its service life.   The UK 12 
rail operator, Network Rail, predicts that more than 900 km of track in the UK rail network 13 
require sleeper replacement; and approximately 70% of the sleepers are concrete sleepers 14 
[14]. Implementing a representative number of self-sensing sleepers at key locations within 15 
the rail network would allow stakeholders to gain better long-term insights into how these 16 
sleepers behave in-service and could help inform intervention and/or replacement decisions.  17 
This paper describes the development of a robust fibre optic sensing array and its integration 18 
into the highly-controlled railway sleeper manufacturing process. It demonstrates how 19 
integrated sensing can help to better understand both the production process (and its effect on 20 
quality) and early-age behaviour of prestressed concrete sleepers which can significantly 21 
affect their long-term performance. This work complements an earlier pilot study [15] and 22 
forms part of a future project which will involve full-scale laboratory tests and in-situ 23 
monitoring of concrete sleepers under live train loading. 24 
2.0 Experimental Monitoring Programme 25 
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2.1 Sleeper manufacturing process 1 
The sleepers monitored as part of this study were manufactured at CEMEX's sleeper 2 
production facility in Birmingham, UK.  The sleeper manufacturing process consisted of 3 
multiple stages. First, the sleeper moulds (casting beds) were cleaned and the end plates 4 
fastened. Next, the prestressing strands were run along the entire length of the prestressing 5 
beds and placed in the sleeper moulds. Strands were then stressed up to 75% of their yield 6 
capacity (approximately 1327 MPa). After the cables were stressed, concrete pouring 7 
commenced at the end of the bay where the tendons were jacked and finished at the other end 8 
where the tendons were anchored.  Concrete was batched in the facility and was placed using 9 
an automated hopper system. Concrete quality was monitored during the entire casting 10 
process to control the consistency between successive batches. Once concrete casting was 11 
completed, the beds were covered by plastic sheets and dampened burlap to prevent excess 12 
moisture from evaporating from the concrete surface. The casting beds were temperature 13 
controlled and thermocouples were installed within the fresh concrete at several locations 14 
along the casting bay to monitor curing temperatures. The temperature measurements were 15 
used to correlate concrete maturity and compressive strength. After approximately 18 hours 16 
of curing, the concrete achieved the required minimum compressive strength (35 MPa) for 17 
transferring the prestress force (detensioning).  Prior to releasing the prestressing strands, a 18 
small additional tension force was introduced in order to loosen the hydraulic jack clamps.  19 
The prestressing beds at the CEMEX factory have been specially designed on rollers, which 20 
allow for a 'soft' detensioning of the strands to avoid cracking within the early age concrete 21 
due to the sudden load change.  Once all of the prestressing force had been released, the 22 
strands between each mould were cut using an automated band saw.  The mould end plates 23 
were then removed and an overhead crane lifted the sleepers off the bed and onto pallets for 24 
storage and transport. 25 
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2.2 Robust fibre optic sensor array development 1 
Fibre optic sensors based on fibre Bragg gratings (FBGs) were used in this study.  The FBG 2 
sensor arrays were developed at the University of Cambridge specifically for installation in 3 
prestressed concrete sleepers. FBGs used during this study were manufactured using draw 4 
tower technology by which the gratings were inscribed during the glass fibre drawing process 5 
which maintains the original fibre strength. Figure 1 illustrates the sensor arrangement for a 6 
typical type G44 sleeper. A four channel FBG analyser (Micron Optics sm310) was used to 7 
interrogate the sensors which is capable of sampling up to 1000 Hz with a ±5µε resolution. 8 
 9 
Figure 1. Sensor instrumentation and layout for typical self-sensing prestressed 10 
concrete sleeper 11 
When strained, a FBG sensor measures a shift in its Bragg wavelength, which is linearly 12 
proportional to the strain and temperature change. In addition, the FBG wavelength shift is 13 
particularly affected by temperature [16], and therefore the installed temperature FBGs were 14 
used to compensate for strain changes due to temperature. The mechanical strain of an FBG 15 
stain sensor can be calculated by Equation 1 (adapted from [17]): 16 
490 mm 490 mm760 mm 760 mm
Strain FBGs 
(3 top)
Strain FBGs 
(3 bottom)
Temperature FBGs 
(1 top, 1 bottom)
Splices Routing 
cables
Cast-in steel
exit collar
Rail seat and pads
FBG sensors
(3 top, 3 bottom)
Prestressing strands 
(6 – 9.3 mm diameter)
(b) Cross-section at rail seat
(a) Elevation
200 mm
140 mm
48 mm
285 mm
200 mm
130 mm
60 mm
PTFE tubing
Hydrophobic 
thermal transfer 
fluid
Ceramic-based 
coating
Fibre-optic 
core
Strain FBG
Temperature-
compensating FBG
GFRP coating
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 ∆𝜀𝑀 =
1
𝑘𝜀
[(∆𝜆 𝜆0⁄ )𝑆 − 𝑘𝑇 (∆𝜆 𝜆0⁄ )𝑇 𝑘𝑇𝑇⁄ ] − 𝛼𝑐𝑜𝑛𝑐 (∆𝜆 𝜆0⁄ )𝑇 𝑘𝑇𝑇⁄  (1) 
Where, 1 
∆𝜀𝑀= mechanical strain (compensated for all temperature effects); 2 
(∆𝜆 𝜆0⁄ )𝑆 = change in relative wavelength of strain sensor; 3 
(∆𝜆 𝜆0⁄ )𝑇  = change in relative wavelength of temperature compensating sensor; 4 
𝑘𝜀 = gage factor; 5 
𝑘𝑇 = experimentally derived constant for temperature compensating sensor; 6 
𝑘𝑇𝑇  = change of the refractive index of glass; 7 
𝛼𝑐𝑜𝑛𝑐 = linear coefficient of thermal expansion of concrete (/˚C). 8 
This equation accounts for several effects: total (uncorrected) strain, strain measured from the 9 
temperature compensating sensors, and the thermal strain of the surrounding concrete. The 10 
calculated value is the mechanical strain produced by structural movements resulting from 11 
effects other than temperature.  The fibre optic cable arrays were installed once the 12 
prestressing strands had been fully tensioned.  The cables were fixed to the stands by a series 13 
of intermittently-spaced plastic cable ties and specially manufactured exit collars (see Figure 14 
1a) were cast into the sleeper to protect the routing cables where they exited the sleeper. It 15 
was critical to devise a sensor installation method which was sufficiently robust, quick, and 16 
reliable in order to be readily incorporated into the sleeper production process without 17 
causing significant delay to CEMEX's operations. Once all of the cables were installed, they 18 
were plugged into the fibre optic analysers and tested sequentially prior to concrete casting. 19 
Figure 2 depicts the casting bays, the installed fibre optic sensors, and completed self-sensing 20 
sleepers. 21 
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 1 
Figure 2. Sleeper production line and casting beds (left), sensor installation (top right) 2 
and completed Group 312 self-sensing sleepers (bottom right). 3 
2.3 Monitoring programme 4 
A total of twelve G44 type sleepers were manufactured in CEMEX UK over the course of 5 
several months. Eight sleepers were manufactured on July 20
th
 2015 (labelled as sleeper 6 
312/1, 312/2, 312/3, 312/4, 312/5, 312/6, 312/7, and 312/8). These sleepers are herein 7 
referred to as Group 312. The other four sleepers (labelled as sleeper 360/1, 360/2, 360/7, and 8 
360/8) were manufactured on November 17
th
 2015 and are referred to herein as Group 360. 9 
In terms of the manufacturing process and interior facility conditions, there was little 10 
difference between both sleeper groups. An overview of the experimental programme is 11 
shown in Table 1. 12 
 13 
 14 
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Table 1. Overview of experimental and monitoring programme 1 
Stage 
Group 312 sleepers Group 360 sleepers 
Date Sleeper no. Date Sleeper no. 
Manufacturing
*
 
Casting 20/07/2015 
312/1, 312/2, 
312/3, 312/4, 
312/5, 312/6, 
312/7, 312/8 
17/11/2015 
360/1, 360/2, 
360/7, 360/8 
Curing 
20/07/2015-
21/07/2015 
17/11/2015-
18/11/2015 
Detensioning 21/07/2015 18/11/2015 
Rail seat bending qualification 
testing 
21/07/2015 312/8 18/11/2015 360/7 
†
Temporary storage up until 
transport to site 
21/07/2015-
18/11/2015 
312/1,2,3, 
4,5,6,7,8 
18/11/2015-
Present
‡ 
Awaiting future 
lab testing 
360/1,2,7,8 
*Strain readings were recorded for sleepers 312/6, 8 in Group 312 and all sleepers in Group 360. 2 
†Strain readings were recorded on 18/11/2015 for all eight Group 312 sleepers.  3 
‡
In-storage strain readings for sleeper group 360 are scheduled at a later date prior to future laboratory testing. 4 
3.0 Results and analysis 5 
3.1 Material properties 6 
To provide better estimates of sleeper behaviour and prestress loss, a variety of concrete and 7 
prestressing steel material properties were measured as part of this research.  In addition, 8 
detailed records of the curing, detensioning and storage procedures were also used for 9 
understanding sleeper performance variability.  Table 2 presents the measured concrete and 10 
prestressing steel material properties for both sleeper groups. 11 
Estimates of concrete elastic modulus at the time of prestress transfer (approximately 1 day) 12 
and at 28 days were calculated using Eurocode 2 formulae and the measured compressive 13 
strengths [18].  It is important to note that the concrete mixture designs and curing procedures 14 
for both sleeper groups were identical; however, it is evident from Table 2 that the concrete 15 
strength values were considerably different. Although both concrete mixtures had a target w/c 16 
ratio of 0.32, it is hypothesized that Group 360 sleepers had a slightly higher w/c ratio as 17 
evidenced by the higher slump flow. A higher w/c ratio may explain the lower compressive 18 
strength in Group 360 sleepers. 19 
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Table 2. Material properties for sleeper groups 312 and 360 1 
Material property Group 312  Group 360  
Concrete   
Casting date 20 Jul. 2015 17 Nov. 2015 
Target water/cement (w/c) ratio 0.32 0.32 
Cement strength class as per Eurocode 2 Class R
1
 Class R
1
 
Slump flow 710 mm 760 mm 
Design fck (28 days) 60 MPa 60 MPa 
fck,meas,cube (28 days)
2
 93.6 MPa 79.2 MPa
5
 
fck,meas,cube at transfer (1 day)
2
 42.7 MPa 35.9 MPa 
Estimated Ecm at transfer
3
 31820 MPa 30190 MPa 
Estimated Ecm at 28 days
3
 40250 MPa 38290 MPa 
   
Prestressing steel (9.3 mm dia. 7 wire strand) 6 strands 6 strands 
Tension per strand prior to transfer 69.0 kN 68.8 kN
4
 
fpu
6
 1770 MPa 1770 MPa 
Ep
6
 195 000 MPa 195 000 MPa 
Strand cross-sectional area  52 mm
2
 52 mm
2
 
1 High early strength gain 2 
2 Measured values are based on 100 mm cube specimens cured under controlled conditions, i.e. in water bath. Target strength 3 
for detensioning was 35 MPa. Also note the assumption that measured values of compressive strength, fc,meas,cube(t) = 4 
0.8(fck(t) + 8) = 0.8fcm(t)  5 
3 Ecm(28)=22(fcm(28)/10)
0.3; (Ecm(1) = (fcm(1)/fcm(28))
0.3Ecm(28); fck(t) = 0.8fck,cube(t) 6 
4 Measured by pre-casting facility operators immediately prior to detensioning. 7 
5 Interpolated based on 21 day and 49 day results. 8 
6 Based on supplier specifications sheets. 9 
3.2 Manufacturing process monitoring 10 
Once the FBG sensors were attached to the prestressing strands, they were plugged into the 11 
fibre optic analysers for testing. It was noticed that several sensors were malfunctioning; 12 
however, due to the high-paced nature of the sleeper production process, it was not possible 13 
to carry-out repairs.  Sleepers 312/6 and 312/8 in Group 312 and all Group 360 sleepers were 14 
monitored simultaneously during the entire manufacturing process. 15 
Figure 3 presents the monitoring results for sleeper 312/8 to provide an overview of the strain 16 
developed during the manufacturing process (casting, curing and detensioning).  It can be 17 
seen that the FBG sensors captured the strain change during the entire process. The top and 18 
bottom strains differ due to the change in sleeper cross-section along its length, different 19 
number of strands, and eccentricity between the prestressing steel centroid and the centroid of 20 
the concrete section. In discussing the strain changes during manufacturing, the strain 21 
 11  
baseline was taken as the strains recorded at one hour after casting in order to allow sufficient 1 
bond to develop between the prestressing strands, the installed sensor cables, and the concrete. 2 
 3 
Figure 3. Typical mechanical strain change during the entire manufacturing process for 4 
sleeper 312/8 (time axis not to scale) 5 
3.2.1 Curing stage 6 
Figure 4 shows the mechanical strain change during curing for both sleeper groups. Each 7 
sleeper displayed a similar trend during concrete curing: a significant increase in compressive 8 
strain (shrinkage) during the first 6 to 8 hours followed by a plateau with no significant strain 9 
change for  3 to 4 hours, then finally, a gradual increase in strain (expansion) just prior to 10 
detensioning. A wide range of strains between the start and end of the curing period was also 11 
observed among the various sleepers monitored.  In addition, strain change (due to shrinkage) 12 
during curing appeared to be highly non-uniform along the length and depth of the sleepers.  13 
There appeared to be no clear trend between the strain change measured in the top and 14 
bottom sensors. Given that the sleepers were covered with plastic sheathing (to avoid excess 15 
moisture loss), this would explain why the top of the sleepers did not necessarily experience 16 
higher shrinkage than the bottom. Based on the general observed strain change trends (i.e. 17 
Trowelling of 
concrete surface
 12  
initial development of compression) observed in each sleeper, it appears that one of the top 1 
sensors in sleeper 312/6 (top strain sensor 1) was malfunctioning during this monitoring 2 
stage.  On average, Group 360 sleepers experienced higher strain changes as compared with 3 
Group 312 sleepers. This may be due to differences in the effective w/c ratio as previously 4 
discussed.  A higher w/c ratio indicates a higher water content which may result in higher 5 
shrinkage strains and lower compressive strength (refer to Table 2). 6 
 7 
Figure 4. Mechanical strain change during concrete curing 8 
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As described in Section 4, temperature significantly affects the FBG wavelength shift and 1 
therefore, precise strain results can only be acquired by properly compensating for 2 
temperature. In addition, the concrete and prestressing tendons may also undergo strain 3 
changes due to temperature (thermal strain) and this effect needs to also be considered in the 4 
calculation of the mechanical strain (in the case of concrete and steel, both are assumed to 5 
experience similar strain changes due to temperature). It is particularly important when 6 
monitoring concrete curing to measure strain change due to temperature as the hydration 7 
process is an exothermic reaction. In general, the strain development and corresponding 8 
transfer of strain to the prestressing strands is a highly complex process.  Carlsson (2012) 9 
determined various factors including rate of temperature development during hydration 10 
(which in turn affects bond development), ambient temperature variation, total casting time, 11 
and time-dependent variation of coefficient of thermal expansion that all influence the strain 12 
changes during the curing period prior to detensioning [3]. 13 
3.2.2 Detensioning stage 14 
After curing overnight for approximately 18 hours, the concrete (in both sleeper groups) had 15 
achieved adequate strength and the prestressing strands were detensioned and subsequently 16 
cut. Figure 5 shows the mechanical strain change for both sleeper groups during 17 
detensioning. A slight increase in positive strain in both groups occurred prior to detensioning 18 
which is the result of an additional tensile force being introduced in order to release the 19 
hydraulic jacking clamps. A sharp decrease in strain (compression) is observed followed by 20 
nearly constant strain region after the strands were cut. 21 
In the majority of the sleepers, a distinct difference in top and bottom strains was measured. 22 
This difference in strain between top and bottom of the sleeper translates to a curvature 23 
change causing a net upwards deflection or camber. There was an abrupt (positive) jump in 24 
strain recorded for Group 360 sleepers after detensioning which was a result of the strand 25 
 14  
cutting process. Note that as indicated in Figure 5, bottom strain sensor 1 in sleeper 312/6 1 
began to malfunction during the detensioning process as it recorded only zero strain. 2 
 3 
Figure 5. Mechanical strain change during detensioning of prestressing strands 4 
The overall level of noise in the recorded data was nearly twice as high for Group 360 5 
sleepers compared with that for Group 312 sleepers (±10µε for Group 360 versus ±5µε for 6 
Group 312).  This difference in measurement noise is believed to be the result of the signal 7 
multiplexing.  The two Group 312 sleepers were monitored using a four channel fibre optic 8 
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 15  
analyser (2 channels per sleeper) whereas the four Group 360 sleepers were monitored using 1 
the same 4-channel fibre optic analyser in combination with a 16-channel multiplexer. Using 2 
a multiplexer has the effect of reducing the maximum sampling frequency by a factor of four 3 
(i.e., from 1000 Hz to 250 Hz), and it also appears to increase the sampling noise by a factor 4 
of two.    5 
3.2.3 Assessment of performance variability during production 6 
To begin to investigate the effects that the production process has on the internal strain 7 
change within the sleepers, the average strain changes (average of top and bottom sensor 8 
readings) that were measured during the curing and detensioning stages are summarised in 9 
Figure 6. These average top and bottom strains were then used to interpolate the average 10 
strain change at the centroid of the prestressing strands (CPS).  It is also important to note 11 
that the strain change in each stage is based on the strain state at the end of the previous stage 12 
(i.e., they are not cumulative). 13 
 14 
Figure 6. Mechanical strain change during manufacturing stages 15 
It appears that the strain changes were most variable during the curing stage (COV = 0.14) 16 
whereas the variability during the detensioning stage was significantly lower (COV = 0.07).  17 
In general, Group 360 sleepers underwent total strain changes during the manufacturing 18 
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process that were 16% higher compared to those experienced by Group 312 sleepers. This 1 
difference in strain appears to primarily be the result of higher strain changes during the 2 
curing of Group 360 sleepers which may be a result of the difference in concrete strengths 3 
and ambient conditions (i.e. relative humidity). 4 
3.3 Rail seat bending qualification test 5 
As part of CEMEX's quality control programme, a select number of sleepers are required to 6 
undergo routine bending tests in accordance with BS EN 13230-2-2009 [19].  In this 7 
experimental study, sleepers 312/8 and 360/7 were selected to undergo static rail seat positive 8 
bending testing. The tests were carried out approximately 24 hours after casting.  The test 9 
setup, loading regime, and a photograph of testing in progress are presented in Figure 7. The 10 
sleepers in this study had an initial reference load, Fr0, of 223 kN. This load was then held 11 
constant for a period of 10 seconds before increasing (by 2 kN/s) up to a load which caused 12 
the first crack in the bottom section, Frr. If Frr > Fr0, the sleeper is deemed to be fit for service. 13 
A value of Frr was recorded for each sleeper tested before the loading was removed. 14 
The top and bottom strain behaviour for sleepers 312/8 and 360/7 during the rail seat bending 15 
qualification test were captured and are presented in Figure 8.  Sleeper 312/8 reached the 16 
initial reference load of 223 kN with no signs of cracking (corresponding top and bottom 17 
strains were -210 µε and 200 µε, respectively).  Both the top and bottom FBG sensors 18 
registered strains that remained linear with time up to the constant strain plateau. On further 19 
loading, the first bottom crack was observed at a load of 298 kN. Beyond the constant strain 20 
plateau, the strain response became increasingly non-linear indicating the onset of 21 
microcracking in the concrete.  Therefore, sleeper 312/8 passed the test as Frr > Fr0; however, 22 
residual strain was induced in the sleeper after the test was completed. 23 
 17  
Note that the test procedure for sleeper 360/7 was slightly modified in order to use the FBG 1 
sensors to study the effects of cyclic loading and unloading on the sleeper. Sleeper 360/7 was 2 
subjected to three loading cycles where it was loaded up to the reference load Fr0 = 223 kN 3 
and then unloaded. This was followed by a fourth cycle where it was loaded up to Fr0 and 4 
then additionally loaded up until the first crack was observed at Frr. 5 
 6 
Figure 7. Static rail seat positive bending test setup  7 
 8 
Figure 8. Mechanical strain response at the rail seat section for (a) sleeper 312/8 and (b) 9 
sleeper 360/7 10 
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Similar strain change values were observed in the first three cycles. The first crack was 1 
observed at a load of 251 kN (corresponding to maximum measured strains of 370 με and -2 
210 με in the bottom and top sensors, respectively).  This load was 16% lower than the 3 
cracking load reached by sleeper 312/8 (298 kN). This difference is most likely due to the 4 
differences in measured concrete strengths (and associated flexural and tensile strengths) at 5 
the time of testing (refer to Table 2). As load cycles progressed, the bottom sensor captured 6 
the increasingly non-linear strain response caused by an increase in internal microcracking in 7 
the concrete with every load cycle. Therefore, the FBG sensor results seem to suggest that it 8 
might be inappropriate to define 'first cracking' as the first observable crack but rather as the 9 
first observable sign of non-linearity in the load-strain response. 10 
3.4 Strain change during temporary storage period 11 
Group 312 sleepers were stored for approximately four months prior to being transported to 12 
site and strain changes were recorded for all eight sleepers. Strain changes within this period 13 
mainly result from early age concrete creep, shrinkage, and steel relaxation. Figure 9 presents 14 
the average measured strain change for Group 312 sleepers during the temporary storage 15 
period.  Similar to strain changes during manufacturing, the average top and bottom strains 16 
were used to interpolate the average strain change at the centroid of the prestressing strands 17 
(CPS).   18 
 19  
 1 
Figure 9. Average measured strain change during temporary storage period 2 
Early age storage results are not presented for Group 360 sleepers as they have continued to 3 
be stored and will be undergoing additional full-scale testing in the future.  Note also several 4 
of the top sensors malfunctioned for sleeper 312/4 and therefore, results are not included.  5 
Overall, a variation in average strain between -185 µε and -253 µε took place during the 6 
storage period for Group 312 sleepers.  This translated to a slightly higher coefficient of 7 
variation as compared to the strain changes that occurred during the manufacturing process. 8 
3.5 Prestress loss predictions and measurements 9 
The behaviour of prestressed concrete members are highly time-dependent and, as a result, 10 
the effective prestressing force within the tendons varies with time.  Estimation of prestress 11 
losses at various construction and loading stages is a critical exercise for ensuring that 12 
prestressed concrete members perform adequately under serviceability conditions. The 13 
accurate estimation of prestress losses can be highly complex as a variety of material and 14 
environmental factors contribute to the time-dependent behaviour of prestressed concrete.  15 
Namely, effects such as steel relaxation, elastic shortening of concrete, shrinkage and creep 16 
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all work inter-dependently to reduce the effective amount of prestress within a structural 1 
member over time. 2 
Prestress losses were calculated based on the provisions of Eurocode 2 equations [18] 3 
summarised in Table 3. Note that prestress loss values were calculated at several discrete 4 
time steps corresponding to when fibre optic sensor measurements were taken. In the 5 
calculation of the shrinkage strain and creep coefficient, a constant relative humidity value of 6 
70% was assumed as recommended for the design of concrete members in the UK [20]. In 7 
addition, the effect of surface area on concrete shrinkage was considered in the calculation of 8 
the notional size of the cross-section, ho = 2Ac/L, where Ac is the cross-sectional area and L is 9 
the length of the cross-section perimeter exposed to drying [20]. 10 
Prior to the transfer of prestress, a significant amount of autogenous shrinkage occurs during 11 
concrete hydration and subsequent curing.  It occurs as a result of the free water moving out 12 
of the pores due to the hydration reaction in concrete [21].  The total long term shrinkage of 13 
concrete is split into two components: autogenous shrinkage and drying shrinkage.  The 14 
autogenous component occurs relatively quickly as it reaches the majority of its completion 15 
within the first 3 to 4 months following casting [21].  Given that the curing period of the 16 
prestressed sleepers is relatively short and the w/c ratios of the concrete mixtures are 17 
relatively low (as is typical in high-strength concrete), a large proportion of the autogenous 18 
shrinkage is expected to occur prior to the release of prestress [22].  Therefore, the prestress 19 
losses due to autogenous shrinkage were included in the prestress loss predictions presented 20 
in Table 4.   21 
 22 
 23 
 24 
 21  
Table 3 Summary of Eurocode formulae for calculating prestress losses 1 
Source of 
prestress loss 
Eurocode 2 Formulae 
Steel relaxation ∆PREL,i=6.6𝐴𝑝(σpi)ρ1000
e9.1μ (
t
1000
)
0.75(1-μ)
×10-6 
Autogenous 
shrinkage 
𝜀𝑐𝑎(𝑡) = 𝛽𝑎𝑠(𝑡)𝜀𝑐𝑎(∞) 
εca(∞) = 2.5(fck − 10) × 10
−6 
βas(t) = 1 − exp⁡(−0.2t
−0.5) 
Elastic 
shortening 
∆PES(t)=
Ap
Ep
Ecm(t)
σc
1+
Ep
Ecm(𝑡)
Ap
Ac
(1+
Ac
Ic
𝑒2)
 
Time-dependent 
creep, shrinkage 
and steel 
relaxation 
∆𝑃(𝑡)𝐶+𝑆+𝑅 = 𝐴𝑝∆𝜎𝑝,𝑐+𝑠+𝑟
= 𝐴𝑝
𝜀𝑐𝑠𝐸𝑝 + 0.8∆𝜎𝑝𝑟 +
𝐸𝑝
𝐸𝑐𝑚
𝜑(𝑡, 𝑡0)𝜎𝑐,𝑞𝑝
1 +
𝐸𝑝
𝐸𝑐𝑚
𝐴𝑝
𝐴𝑐
(1 +
𝐴𝑐
𝐼𝑐
𝑒𝑐𝑝2 ) [1 + 0.8𝜑(𝑡, 𝑡0)]
 
Total prestress 
losses 
∆PTOT=∆P𝑅𝐸𝐿,𝑖 + ∆P𝐸𝑆,𝑖 + ∆P𝐶+𝑆+𝑅 
 
%Loss = ∆𝑃𝑇𝑂𝑇 ∆𝑃𝑖⁄  
As indicated in Table 4, both sleeper groups are predicted to have similar levels of 2 
instantaneous losses.  Group 360 is predicted to have slightly higher long term (50 years) 3 
losses compared to Group 312 sleepers primarily due to higher levels of concrete shrinkage 4 
and creep resulting from their lower compressive strength. In the case of Group 312 sleepers, 5 
they are predicted to undergo 79% of their total prestress losses by the time they are installed 6 
(119 days after casting). 7 
 8 
 9 
 10 
 11 
 22  
Table 4. Predicted prestress losses for Group 312 and 360 sleepers 1 
 Group 312 Group 360 
Time Stage 
Δσp 
Δσp/σpi 
×100% 
Δσp 
Δσp/σpi 
×100% 
[MPa]  [MPa]  
Losses due to early 
steel relaxation and 
autogenous 
shrinkage†† 
15.2 1.1% 15.6 1.2% 
Transfer of 
prestress* 
53.0 4.0% 55.7 4.2% 
Total instantaneous 
losses 
68.2 5.1% 71.3 5.4% 
     
After installation 
(119 days after 
casting)† 
197.6 13.5% N/A N/A 
Final long term 
losses (50 years) 
251.4 18.9% 292.8 22.1% 
Note: σpi = 1327 MPa (approximately 75% of fpu) 2 
†† Autogenous shrinkage was accounted for in the early stages prior to detensioning. 3 
* Calculation accounts for tendon relaxation losses prior to detensioning. 4 
† Includes all instantaneous losses, i.e. cumulative losses. 5 
Refer to Table 2 for concrete materials properties. 6 
Using the mechanical strains measured by the fibre optic sensors, the strain changes within 7 
the prestressing strands were calculated to provide an estimate of the loss of prestress. Based 8 
on the installation procedures adopted, the sensors were installed within the concrete but 9 
directly adjacent to the prestressing tendons. A primary assumption is that there is perfect 10 
bond between the prestressing tendon and the surrounding concrete and that the strain in the 11 
concrete directly in contact with the steel (at any given point along the strand) is equal to the 12 
strain in the steel at that point.  In this way, prestress losses (based on the measured strain 13 
results) was calculated using equation 4, 14 
%Loss =
∆σp
σpi
× 100% =
∆εm,cpsEp
σpi
× 100% (4) 
where, εm,cps is the mechanical strain at the centroid of the prestressing steel interpolated from 15 
the measured top and bottom strains, Ep is the elastic modulus of the prestressing strands , 16 
and σpi is the initial level of prestress before any losses have occurred (refer to Table 2 for 17 
 23  
material properties).  A comparison between the FBG measured and Eurocode predicted 1 
prestress losses is presented in Table 5. 2 
Table 5. Comparison between FBG measured and Eurocode predicted prestress losses 3 
 
Group 312 Sleepers Group 360 Sleepers 
312/6 
Loss 
(Δσ, MPa) 
Meas/Pred 
312/8 
Loss 
(Δσ, MPa) 
Meas/Pred 
360/1 
Loss 
(Δσ, MPa) 
Meas/Pred 
360/2 
Loss 
(Δσ, MPa) 
Meas/Pred 
360/7 
Loss 
(Δσ, MPa) 
Meas/Pred 
360/8 
Loss 
(Δσ, MPa) 
Meas/Pred 
Pre-detensioning 
and curing 
2.5% 
(32.9) 
2.16 
2.1% 
(27.4) 
1.80 
2.5% 
(33.7) 
2.16 
1.6% 
(21.4) 
1.37 
2.8% 
(37.8) 
2.42 
2.5% 
(32.7) 
2.10 
Transfer of 
prestress  
3.4% 
(44.9) 
0.85 
3.6% 
(47.7) 
0.90 
4.0% 
(52.9) 
0.95 
3.8% 
(49.8) 
0.89 
3.7% 
(48.9) 
0.88 
3.8% 
(50.5) 
0.91 
Total 
Instantaneous 
losses 
5.9% 
(77.8) 
1.14 
5.7% 
(75.1) 
1.10 
6.5% 
(86.6) 
1.21 
5.4% 
(71.2) 
1.00 
6.5% 
(86.7) 
1.22 
6.3% 
(83.2) 
1.17 
After rail seat 
bending test 
N/A 
5.7% 
(75.1)
†
 
N/A N/A 
6.8% 
(89.6) 
N/A 
119 days after 
casting
*
 
8.6% 
(113.8) 
0.57 
9.4% 
(124.4) 
0.63 
Still in storage and awaiting  
future lab testing 
% of EC2 
predicted final 
long term losses 
(50 years) 
45% 49% 
Note: predicted values are those based on the Eurocode 2 equations presented in Section 7.1. 4 
† 
Following the bending test there was a measured increase in the strain at the centroid of the strands; however, this cannot 5 
add to the amount of prestress in the strand and therefore, no net change in the effective prestress was assumed to occur 6 
during the bending test. 7 
* Measured strain data for sleepers 312/1, 312/2, 312/3, 312/4, 312/5, and 312/7 during their temporary storage were also 8 
recorded with a mean prestress loss of 42.7 MPa. 9 
Based on Table 5, the measured prestress loss values due to transfer of prestress closely 10 
match those predicted using the Eurocode 2 equations (refer to Table 4). However, the losses 11 
predicted to occur prior to the transfer of prestress greatly underestimate the measured values 12 
by up to 242% (sleeper 360/2). Carlsson (2012) reported comparable findings when they 13 
compared measured losses prior to detensioning of sleepers produced in two different 14 
factories [3].  One reason for this may be that the strain due to autogenous shrinkage that 15 
occurs during the early stages of concrete hydration and curing is higher than that predicted 16 
by the Eurocode 2 equations. Carlsson (2012) suggested that the surrounding ambient 17 
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temperatures may have accounted for these differences. Another possible explanation 1 
involves the time-dependent nature of bond development between the prestressing strands 2 
and the concrete. If the time required for sufficient bond to occur between the concrete and 3 
the sensor cable is less than that required between the concrete and the prestressing steel, the 4 
fibre optic sensors will start to measure shrinkage strains occurring within the concrete before 5 
they are fully transferred to the steel (and thus inducing a loss of prestress) [23]. 6 
The strain changes measured by the sensing system during the temporary storage period was 7 
significant and resulted from concrete shrinkage, creep and steel relaxation. However, the 8 
FBG-measured prestress loss values at the end of this period were still significantly lower 9 
compared with the Eurocode-predicted values. These results indicate that the creep, shrinkage 10 
and relaxation (time-dependent prestressed concrete properties) were lower than those 11 
predicted by the code equations. Based on the sensor-measured prestress loss values, sleepers 12 
312/6 and 312/8 had experienced 45% and 49% of the long-term (Eurocode 2) predicted 13 
values within the first four months after manufacture, respectively.  Therefore, the sensor 14 
results have revealed that the overall performance of the sleepers appears to be within 15 
acceptable design limits prior to being placed in-service. 16 
4.0 Finite element modelling 17 
In addition to the data analysis presented above, a 3D non-linear finite element (FE) model 18 
was constructed to provide additional insight into the early-age (pre-service) behaviour of 19 
prestressed concrete sleepers.  20 
4.1 FE model description 21 
The prestressed concrete sleeper FE model was built using Diana 10.0. As shown in Figure 22 
10, the geometry profile of the model was defined based on a G44 type sleeper (refer to 23 
Figure 1). The cross-sectional area of the prestressed strands was defined as an equivalent 24 
 25  
circular area (refer to Figure 10(a)). The concrete was modelled using an eight-node 1 
isoparametric solid brick element (HX24L) and the prestressing strands were modelled using 2 
an embedded reinforcement element (BAR). Additional element information is provided in 3 
the DIANA documentation manual [24]. The concrete and prestressing strands were assumed 4 
to be perfectly bonded. The prestressing force was applied via an initial stress in the BAR 5 
element equivalent to the prestressing force measured during the manufacturing process 6 
(refer to Table 2).  7 
 8 
Figure 10. Finite element model of the prestressed concrete sleeper 9 
The behaviour of concrete in compression was modelled using Eurocode 2 recommended 10 
nonlinear constitutive relationship. Concrete in tension was assumed to behave linearly 11 
elastically up until the specified tensile strength was reached. When strains exceeded the 12 
tensile limit, a multi-directional fixed crack model with a nonlinear tensile softening 13 
relationship was used to simulate the cracked concrete response.  The concrete compressive 14 
strength at one day, fcm(1) (i.e. the time of transfer of prestress), and 28 days, fcm, were based 15 
(a) Geometry profile and meshing
(b) Element types and assignments
HX24L element
BAR element
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on the measured properties presented in Table 2. The elastic modulus at one day and at 28 1 
days and the tensile strength, fctm, at one day were calculated according to Eurocode 2 EN 2 
1992-1-1 [19]. The material model for the prestressing steel strands was based on a two-part 3 
idealized elastoplastic relationship with an elastic modulus, Es, of 195 GPa and tensile 4 
strength, fpu, of 1770 MPa. 5 
4.2 FE simulation of detensioning process and bending qualification test 6 
The detensioning process of sleeper 312/8 was simulated by applying an initial stress to the 7 
BAR elements. The measured tensile force for each prestressed strand was 69 kN with a 8 
corresponding stress value of 1327 MPa. According to the measured values of strain change 9 
presented in Table 5, there was 2.1% loss of prestress prior to detensioning; therefore, a stress 10 
value of 1299 MPa was applied to the prestressing strands (BAR elements). The FE analysis 11 
results of the stress distribution of the sleeper due to the transfer of prestress (detensioning) 12 
are shown in Figure 11a. Stress concentrations were present at the ends of the sleeper 13 
surrounding the prestressing strands. Away from the end regions, the FE model showed that 14 
concrete experienced compression due to the transfer of prestress that ranged between -6 15 
MPa and -11.2 MPa. The FE-predicted stress distribution was non-uniform along the length 16 
and depth of the sleeper due to changes in the sleeper geometry. The compressive stress (and 17 
corresponding strain) at the bottom of the sleeper was higher than that at the top. A 18 
comparison between the FE-predicted and FBG-measured strain change along the sleeper 19 
length due to detensioning is shown in Figure 11b. At the top FBG locations, the measured 20 
stress change in the middle region is higher than that at the rail seat locations, which is 21 
consistent with the FE-calculated results. At the bottom FBG locations, the FE-calculated 22 
strain change is constant along the length of the sleeper whereas the measurement results 23 
show non-uniform strains along the length of the sleeper. These differences may be attributed 24 
to the heterogeneous nature of concrete which is difficult to account for using a homogeneous 25 
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FE model and in the estimation of the concrete stiffness using compressive strength test 1 
results. The friction generated between the concrete and the steel sleeper mould during 2 
detensioning may have also contributed to the slightly larger FE model generated strains as 3 
compared to the FOS measured strains.  4 
 5 
Figure 11. Sleeper FE analysis results and comparison with measured FBG sensor 6 
strains of sleeper 312/8 due to the detensioning process. 7 
The next step of FE modelling involved simulating the strain change at the FBG sensors’ 8 
location during the rail seat bending qualification test of sleepers 312/8 and 360/7. The 9 
applied load was consistent with the loading regime used in the bending tests. Both the FBG 10 
(a) FE stress distribution
(b) Measured and FE strain distribution
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measured and FE predicted strain versus applied load relationships are presented in Figure 1 
12. 2 
The FE results for sleeper 312/8 closely match the FBG results. However, while the FE 3 
results for sleeper 360/7 display a similar trend in response, deviations from the measured 4 
response mainly arise due to inaccurate estimates of early-age concrete properties. A series of 5 
parametric studies were performed in order to determine the values of elastic modulus and 6 
tensile strength that would provide the best fit to the actual measured response. The early-age 7 
concrete properties were modified by decreasing both the Eurocode-calculated concrete 8 
elastic modulus and tensile strength by approximately 12% and 16% respectively. The 9 
modified FE results for sleeper 360/7 provided a better estimate of the experimental results. 10 
This implies that the Eurocode equations may have slightly overestimated the elastic modulus 11 
and tensile strength for the early-age concrete model used in this case. 12 
 13 
Figure 12. Comparison of FE analysis results and measured FBG sensor strains of 14 
sleepers during the bending test. 15 
4.3 FE simulation of time-dependent effects 16 
The final step of FE model development included incorporating additional time-dependent 17 
parameters (creep and shrinkage) to simulate the strain changes that occurred during the four 18 
month pre-service period. The built-in creep and shrinkage models provided in DIANA are 19 
based on Eurocode 2 EN 1992-1-1 (also refer to Table 3) [18]. The concrete creep coefficient 20 
(a) Sleeper 312/8 (b) Sleeper 360/7
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and the shrinkage strain development curves were first established for a given value of 1 
relative humidity according to the code-calculated relationships. These relationships were 2 
then used to estimate the total strain loss in the sleepers during the four month storage period.  3 
In developing these curves, an initial relative humidity of 70% was assumed (similar to the 4 
prestress loss calculations) which resulted in the calculation of an initial creep coefficient, 5 
φ(t,t0), of 1.06.  An initial comparison between the measured and calculated strains (see 6 
Figure 13) revealed that the FE model overestimated the strain change during the storage 7 
period which indicated that either the creep strain, shrinkage strain or both were 8 
overestimated using the Eurocode equations.  Therefore, a parametric study was undertaken 9 
in which the average ambient relative humidity was varied to calculate new values of 10 
shrinkage and creep strains which produced an overall strain response which better fit the 11 
FBG sensor measurements. A summary of the parametric study is presented in Figure 13 with 12 
strain change values reported at the centroid of the prestressing strands. 13 
 14 
Figure 13. Comparison between fibre optic monitoring data and FE analysis of early-15 
age strain change results (note baseline strain is taken at pre-detensioning) 16 
Material 
Model RH
Creep and shrinkage parameters
φ(t,t0) Δεsh(t)
[µε]
Δεcc(t)
[µε]
Δεtot
[µε]
εcc(t)/εtot εsh(t)/εtot
MAT1 70% 1.06 274 254 528 0.48 0.52
MAT2 80% 0.90 238 214 452 0.47 0.53
MAT3 100% 0.51 127 122 249 0.49 0.51
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The material model MAT3 provided the best fit to the FBG strain data. According to the FE 1 
analysis, 49% and 51% of the predicted strain change were estimated to be due to creep and 2 
shrinkage, respectively.  The resulting values of strain were based on a creep coefficient, 3 
φ(t0,t), of 0.51 (48% of the initially predicted value) and a total shrinkage strain, εsh(t), of 127 4 
µε (46% of the initially predicted value) for Group 312 sleepers at 119 days (4 months) after 5 
concrete casting.  A relative humidity value of 100% was associated with the material model 6 
MAT3 however; this does not indicate that the actual average ambient relative humidity was 7 
100% over the four month storage period.  Instead, these results show that the Eurocode 8 
equations relating the relative humidity to the creep coefficient and shrinkage strains did not 9 
provide an accurate representation of the curing conditions experienced by the Group 312 10 
sleepers. 11 
5.0 Conclusions 12 
Robust fibre optic strain sensor arrays were successfully developed and installed into twelve 13 
mass-produced prestressed concrete sleepers at a sleeper production facility. The sensor 14 
system was used to monitor the effect of production and early-age storage on the performance 15 
of the sleepers but was designed to last as long as the service life of the sleeper. Sensor 16 
measurement results were verified using Eurocode equations for predicting prestress loss and 17 
nonlinear finite element analysis. The main conclusions resulting from this work are as 18 
follows: 19 
1. The feasibility of integrating robust FBG-based sensors within the manufacturing process 20 
of prestressed concrete sleepers was assessed during two separate installations. It was 21 
demonstrated that the system was capable of capturing strains while compensating for 22 
changes in temperature in four individual sleepers simultaneously during manufacturing 23 
and storage. 24 
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2. The integrated FBG sensors were able to provide a measurement of relative levels of 1 
performance variability due to the manufacturing process. Variation in strain among the 2 
various sleepers was found to be highest (COV = 0.14) for the curing period, and lowest 3 
(COV = 0.07) during detensioning. Sleeper Group 360 experienced 16% larger strain 4 
changes during the production process as compared with Group 312 sleepers. These 5 
sensor results highlight the inherent variability in strain development among identical 6 
sleepers and sleeper groups despite the relatively high levels of production quality 7 
control. 8 
3. The sensor strain readings provided additional insights into the response of the sleepers 9 
during the bending qualification test. Strain readings revealed the assumed linear response 10 
region of the test became increasingly non-linear as the test proceed despite no visible 11 
cracks being observed.  Therefore, although sleepers passed the qualification test, a 12 
refinement of what constitutes 'first cracking' should be based not on the first observable 13 
crack but on the first observed signs of non-linear load-strain response. 14 
4. Eurocode-predicted instantaneous prestress losses underestimated the FBG-measured 15 
losses. However, the measured losses were found to be between only 45% and 49% of the 16 
total predicted losses during the first four months after casting. The sensing system was 17 
able to demonstrate that pre-service sleeper performance was well within the design 18 
limits. 19 
5. A non-linear 3D finite element model of a typical prestressed concrete sleeper was 20 
developed and calibrated against the recorded fibre optic sensor strain results.  A 21 
parametric study was conducted to assess the concrete creep and shrinkage characteristics 22 
independently.  It was estimated that 49% of the total prestress loss during the storage 23 
period was due to creep and the remaining 51% was due to shrinkage. Using the sensor-24 
validated finite element model, a creep coefficient of 0.51 was estimated for the first four 25 
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months following sleeper production which equated to 48% of the Eurocode-predicted 1 
value. 2 
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